Summary. Long term glucose control in pancreatectomised dogs has been obtained with portal insulin therapy. When compared to a previous similar study using peripheral infusions, 20% less exogenous insulin was required and peripheral fasting insulin levels were 30% lower. Animals (n = 5) were unrestrained, conscious and carried a programmable insulin pump for 163-224 days. In the post-absorptive state blood glucose was normal (87 _+ 5 mg/dl) as was plasma insulin (10 + 1 mU/1) with porcine insulin infused at a basal rate of 0.36 _+ 0.01 mU/kg/min. Following ingestion of a standard mixed meal the infusion rate was increased to 2.47 + 0.09 mU/kg/ rain for 71/2 h resulting in post-prandial normalisation of blood glucose. Peripheral plasma insulin levels were twice normal during the post-prandial infusion, but only half those previously reported with peripheral infusions. Insulin clearance rates were 37 ml/kg/min in the basal state and rose significantly post-prandially. In the absence of extra meal-time insulin the clearance rate was unaffected by the resulting post-prandial hyperglycaemia and similar to values observed with insulin infused peripherally at 0.45 + 0.03 mU/kg/min. No significant increase in the post-prandial rate of insulin clearance relative to the fasting rate was observed with peripherally administered insulin. It was thus concluded that portal insulin replacement in pancreatectomised dogs could normalise both blood glucose and insulin in the fasting state, but post-prandial peripheral insulin levels remained elevated.
Long term blood glucose control in experimental diabetes is now feasible. Using a prototype portable insulin delivery device, glucose regulation has been obtained in pancreatectomised dogs for up to 12 months [1] [2] [3] .
Similar open-loop studies of shorter duration (1-2 weeks) on insulin dependent diabetic patients have been reported with peripheral intravenous [4] [5] [6] [7] [8] and subcutaneous [9] insulin infusions. With peripherally infused insulin, such ideal blood glucose control is achieved only with concomitant peripheral hyperinsulinaemia [7] unless the subjects are adult, non-insulin requiring diabetics [10] . Studies in dogs showed similar results with peripheral [11, 12] but not with portal [12, 13] insulin infusions.
To explore more fully the route of insulin delivery as the cause of the observed hyperinsulinaemia the present series of experiments were conducted. They were aimed at restoring normoglycaemia in pancreatectomised dogs using the portal (natural) route for long-term preprogrammed insulin delivery. We have also examined the resulting insulin clearance rates in both the fasting and post-prandial states and contrasted these against data from similar studies [2] in which insulin was infused peripherally.
Materials and Methods

Animals
Five healthy male beagle dogs weighing 14.0 _+ 0.8 kg were used as normal controls, and five similar animals (13.9 _+ 0.3 kg) were totally pancreatectomised. A fixed amount of food was given to both groups each morning. The meal consisted of a mixture of two dog foods which included 360 g of soft meal (Meat Mix, Derby Pet Foods Ltd., Toronto) and 260 g of dry chow (Master Premium Dinner, Maple Leaf Mills Ltd., Toronto). The meal was approximately distributed as 33% protein, 30% fat, and 37% carbohydrate, the calculated total caloric content being about 1300 kcal/ day. Besides the above standard diet, 1'4 capsules of digestive enzymes (Cotazym, Organon Ltd., Montreal, Quebec) were mixed with the meals of the depancreatised dogs to compensate for their surgically induced pancreatic exocrine insufficiency. The diabetic 0012-186X/80/0019/0452/$0120 dogs had normal stools and maintained their weight. Several animals have been maintained on porcine insulin preparations for over 3 years without the development of anti-insulin antibodies insofar as this would be reflected as changes in immunoreactive non-specific insulin binding in the assay method used. All dogs were confined to their cages but were allowed access to water ad libitum.
In diabetic dogs, fasting blood glucose concentrations were measured on 5 days per week and based on these measurements the portal basal insulin infusion rates were initially adjusted individually to achieve normoglycaemia in the morning.
Catheterisation
An indwelling silastic catheter was inserted into an external jugular vein of both the normal and diabetic dogs [14] . Similarly a chronic indwelling catheter for insulin infusion was inserted directly into the portal vein of the diabetic dogs at the time of pancreatectomy. It was attached with purse-string sutures directly to the vein as well as being sutured to adjacent connective tissues so as to cause minimal disturbance to portal blood flow while reducing the possibility of slipping out. The tip of the catheter was placed 3 to 4 cm distal to the porta hepatis so that insulin was delivered into the liver as uniformly as possible. Both catheters were tunnelled beneath the skin to outlet sites on the back and entered the pockets of vest-like jackets which the dogs wore.
Portable Insulin Delivery System
The portable insulin delivery device consisted of a miniature peristaltic pump, a polyvinyl chloride insulin reservoir and a batterypower-pack which included a flow-rate controller, details of which have been published elsewhere [2, 15] . The flow-rate controller [16] regulated by means of digital switch settings both the rate and the duration of a single square-wave pulse of insulin infusion as well as the rate of the chosen basal insulin infusion. The controller operated the pump every 90 seconds. Thus, insulin was infused in pulses of constant rate (approx. 80 pUmin) the duration of which varied according to the switch settings chosen for the basal or meal rates. Preprogrammed meal insulin infusion was initiated by activating a magnetic reed switch with an external permanent magnet within 5 min of the presentation of the meal. Following the termination of this meal insulin infusion the flow-rate controller automatically returned to the present basal rate. Reservoirs were filled to capacity with porcine crystalline zinc insulin (Connaught Laboratories, Toronto) diluted in pH adjusted 0.154 mol/1 saline to a final concentration of 1240 U/1. With these parameters the required basal rate was achieved with pulses that lasted 4-5 s.
Protocols a) Meal Response in Normal Dogs. The standardised diet was
given to the five normal dogs at time 0 (around 0900 h) and always eaten within 5 rain. Blood samples were taken via the indwelling sampling catheter hourly from -1 to 13 h with additional samples at 14, 15, 16, 17, 19, 21 and 23 h. Normal dogs were studied once.
b) Meal Response in Diabetic Dogs Given Basal Portal Insulin
Infusions. The diabetic dogs were fed and blood was drawn in the same way as in the normal animals. During the meal period, insulin was delivered only at the basal rate for each dog.
c) Meal Response in Diabetic Dogs Given Basal plus Supplementary Portal Insulin Infusions. As in earlier experiments with
peripheral insulin infusions [2] preliminary studies were undertaken to estimate the most suitable parameters (rate and duration) of the single pulse infusion of meal insulin. According to the observations in a preliminary series of experiments a portal meal insulin infusion rate of 7 times the basal rate (TXB) for 7'/2 h was found to be appropriate to normalise post-prandial glycaemia. After this time the infusion automatically reset to the previous basal insulin delivery rate. Dogs I and IV were studied once, dogs II and V were studied 3 times and dog III was studied twice, but on widely separated occasions, for a total of 10 trials 61 _+ 14 days (range 19-149) after the start of the portal infusion which lasted for 210 + 11 days (range 164-224). The results reported are only from dogs which ate all the food within 5 min of its presentation. Blood samples were taken as before, for 13 h following the meal and then one final 23 h sample the next morning.
d) Insulin Clearance
Rates. The clearance rates of insulin were calculated by dividing the exogenous insulin infusion rate by the resulting mean peripheral plasma insulin concentration both in the fasting and in the post-prandial states.
Analytical Methods
Blood samples were immediately transferred into 1.5 ml centrifuge tubes kept on ice and containing 0.03 ml of heparin (1000 U/ml). Samples were centrifuged with minimal delay, the supernatants separated and analysed for glucose using a Beckman glucose analyser or frozen at -20 C until subsequent insulin assay using an anti-pork insulin anti-serum (supplied by Dr. Peter Wright, Minneapolis, Minn.) purified pork insulin standard (25.7 U/mg, 125 Ilabelled pork insulin, Novo) and a dextran coated charcoal separation of free from bound hormone. Pork and dog insulins bind in a similar fashion to the antibody used in this assay.
Statistical methods included the Student unpaired t-test to assess the significance of the differences between the mean responses of the normal and the diabetic dogs. All data shown here are expresses as mean + SEM.
Results
The 24 h profiles of plasma glucose and insulin concentrations of normal dogs fed the standard diet at time 0 are shown in Figure 1 . Plasma glucose levels changed little throughout the experiment and remained within the range of 80 _+ 5 to 96 + 3 mg/dl. Post-prandial plasma insulin levels rose from basal levels of 10 + i mU/1 to a peak of 33 + 4 mU/1 at 3 h but remained significantly above the fasting levels for 17 h before returning to fasting levels.
With a basal insulin infusion rate of 0.36 + 0.01 mU/kg/min, the diabetic dogs were normoglycaemic in the morning (90 + 6mg/dl) (Fig. 1) . Plasma glucose levels rose rapidly after the meal and reached a peak of 465 + 42 mg/dl at 5 h and then gradually fell reaching levels of 96 + 21 mg/dl by the next morning. Fasting plasma insulin concentrations were 11 + I mU/1 without significant post-prandial change and remained within the range of 9 _+ 1 to 13 _+ i mU/l over the entire 24 h period.
Starting from normoglycaemic levels of 87 + 5 mg/dl in the fasting state, post-prandial plasma glucose concentrations during the meal insulin infusion remained within the normal range in the diabetic dogs reaching a nadir of 79 + 12 mg/dl at the end of the meal insulin (Fig. 2) . Following the termination of the 71/2h supplementary meal insulin pulse, plasma glucose rose to 136 _+ 18 mg/dl but returned to normoglycaemic levels within 3 h. Fasting levels of 73 + 4 mg/dl were observed next morning. These were significantly lower than the initial levels (p < 0.001). The basal insulin infusion rate was 0.36 + 0.01mU/kg/min and was increased to 2.47 + 0.09mU/kg/min for 71/2h in the post-prandial period. Fasting plasma insulin concentrations were 10 + 1 mU/1 and rose during the meal insulin infusion to levels ranging from 42 + 4 to 50 + 4 mU/1, significantly higher than normal (p < 0.001). Following the end of the meal insulin infusion, insulin levels fell to near basal values within 30 min and remained in this range throughout the remainder of the experiment.
The individual portal infusion rates, the resulting mean peripheral insulin levels and the corresponding insulin clearance rates in the fasting and post-prandial states for each experiment are presented in Tables 1 and 2 respectively for the basal only and basal plus supplementary meal insulin infusions. In ,,,,,,,,,,,,,,,,,--,,,,, 8 0 , , i , , , , , , , , , , , , , i , , , , , Fig. 2 . The glucose and insulin responses of five unrestrained pancreatectomised beagle dogs (total trials = 10) given basal and supplementary meal intraportal insulin infusion according to the waveform in the lower panel (meal pulse is 7 times basal for 71/2 h). Treatment was continued in each dog for 5 to 7 months using a portable insulin infusion device. Meal timing as in Figure 1 the fasting state insulin clearance rates were consistent in the portally infused diabetic dogs the mean specific rates being 35 + 5 and 37 _+ 3 ml/kg/min. These values were similar to the 34 + 4 and 32 _+ 2 ml/kg/min observed with peripheral insulin infusions [2] , data for which is presented in these tables for comparison. See Tables 1 and 2 .
In the post-prandial period insulin clearance showed an insignificant drop of -5 ml/kg/min when the portal insulin infusion was maintained at the basal rate but rose significantly by + 21 ml/kg/min (p < 0.001) with the enhanced meal insulin infusion. In contrast, when post-prandial insulin was infused peripherally, the insulin clearance rates changed only slightly rising +3 ml/kg/min (not significant) with basal only insulin and only + 6 ml/kg/min (not significant) with the enhanced meal infusion. . In order to explore the effects of the route of insulin delivery, essentially identical experimental protocols were undertaken in diabetic dogs in the present study except that insulin infusion was directed portally instead of peripherally. When basal insulin infusion rates were compared, it was found that the portal rate was significantly lower than the peripheral rate (0.36 + 0.01 vs 0.45 + 0.03 mU/kg/ min, p < 0.05) in spite of similar fasting glucose levels. The basal rates used in these studies are similar to the estimated endogenous insulin release [17] of the fasting anaesthetised dog and agree with the intraportal replacement infusion rate required to maintain normal basal levels when endogenous secretion is suppressed by infusion of somatostatin in the same dog model [18] . Interestingly, similar postprandial blood glucose control was obtained with the same seven-fold basal increase in meal insulin infusion rate with both routes, but 20% less insulin was needed with portal compared to peripheral insulin delivery when the diabetic dogs were accustomed to the particular route. These observations are undoubtedly related to the central role of the liver in glucose regulation [19] [20] [21] . There have been several reports which compared the effects of the routes of insulin delivery. Some [12, 22] claimed that there was no change between portal and peripheral infusion while others [23] [24] [25] [26] [27] reported that peripheral insulin infusion was more effective, and vice versa [28, 29] . These inconsistencies in the reported results may well be a consequence of the different experimental protocols, including different experimental stimulatory actions, baseline conditions, and methods of data assessment.
Fasting insulin concentrations in portally infused diabetic dogs were identical to those of the normal controls but significantly lower than those of peripherally infused diabetic dogs (9.9 _+ 0.6 vs 14.2 + 0.8 mU/1, p < 0.001, Table 2 ). Table 1 presents similar differences but these failed to reach statistical significance due to the smaller number of experiments. Approximately twice normal post-prandial insulin concentrations were observed in dogs with portally infused insulin. With peripheral delivery these were 2-4 • normal [2] .
Portal insulin infusion [13] has been reported not to have produced hyperinsulinaemia while peripheral insulin infusion did [2, 11] . Why a mild but significant hyperinsulinaemia was observed during the postprandial period in the present experiments despite the physiological route of optimal insulin delivery is not clear. In the present series of experiments the diabetic dogs were given not glucose solutions but their usual mixed meal composed of protein, fat and carbohydrate and they were unrestrained in the conscious state and adapted to long-term portal insulin replacement. Previous experiments [12, [22] [23] [24] [25] [26] [27] [28] [29] were done either in the conscious fasting state only or in the anaesthetised state with glucose given intravenously. Also, the portable insulin delivery device gave variable duration pulses of insulin every 90 seconds [16] . Whether this type of pulsed intermittent insulin infusion allowed more insulin to escape hepatic extraction and thereby caused the observed mild hyperinsulinaemia has not been clearly established, although there is some evidence to this effect with peripheral infusion [30] . Other unknown factor(s) may also play an important role in the regulation of insulin degradation and/or clearance. Finally, there may be a lack of adequate mixing of the infused insulin with the following portal blood but the mechanics of blood flow within the liver [31] should compensate for poor mixing.
Insulin clearance did not change post-prandially with basal only insulin delivery via either the portal or peripheral routes (Table 1) . With supplementary meal insulin delivery the clearance rate rose significantly only in the portal studies (Table 2 ).
In conclusion, portal insulin administration with an external insulin delivery device restored glycaemic regulation in pancreatectomized dogs with 20% less insulin and 30% lower resulting plasma insulin concentrations than in similar studies with peripheral insulin. Notwithstanding these improvements twofold normal insulin levels were still seen during the post-prandial state. Insofar as the data obtained with portally infused insulin are representative of the physiological state, the clearance of peripherally administered insulin may be grossly abnormal in spite of the complete glycaemic normalisation achieved by either route. Taking into consideration the adverse effects of hyperinsulinaemia upon insulin receptors [32, 33] , lipolysis [34] , and metabolism [35, 36] it remains to be established whether this mild mealassociated peripheral hyperinsulaemia is harmful in the long-term. Preliminary studies indicate that this is the case [37] .
